Room-temperature gas sensors are attracting attention because of their low power consumption, safe operation, and long-term stability. Herein, ZnO nanorods (NRs) and nanowires (NWs) were on-chip grown via a facile hydrothermal method and used for room-temperature NO 2 gas sensor applications. The ZnO NRs were obtained by a one-step hydrothermal process, whereas the NWs were obtained by a two-step hydrothermal process. To obtain ZnO NW sensor, the length of NRs was controlled short enough so that none of the nanorod-nanorod junction was made. Thereafter, the NWs were grown from the tips of no-contact NRs to form nanowire-nanowire junctions. The gas-sensing characteristics of ZnO NRs and NWs were tested against NO 2 gas at room temperature for comparison. The gas-sensing characteristics of the sensors were also tested at different applied voltages to evaluate the effect of the self-activated gas-sensing performance. Results show that the diameter of ZnO NRs and NWs is the dominant parameter of their NO 2 gas-sensing performance at room temperature. In addition, self-activation by local heating occurred for both sensors, but because the NWs were smaller and sparser than the NRs, local heating thus required a lower applied voltage with maximal response compared with the NRs.
Introduction
In the past decades, the rapid rise of industrialisation and urbanisation has caused severe air pollution, which primarily comes from automobile exhausts and factory emissions. This severe pollution poses a great threat to humans and all other living organisms [1] . High-performance gas sensors, particularly for the detection of toxic and explosive gases, are therefore necessary [2, 3] .
Resistive gas sensors based on metal oxides, such as SnO 2 [4] , NiO [5] , CuO [6] , WO 3 [7] , and ZnO [8] , are the most attractive gas sensors because of their low cost, easy operation, simple integration, and feasibility for miniaturisation [9] . Among the metal oxides, ZnO, a well-known n-type semiconductor, demonstrates the original characteristics required for an ideal gas sensor, i.e., a wide band gap (3.37 eV) and high electron mobility (210 cm 2 ·V -1 ·s
), as well as excellent chemical and thermal stability but still providing good gas-sensing performance [10] [11] [12] . Various forms of nanostructured ZnO materials, such as nanofibers, nanoparticles, nanoplates, nanorods (NRs), and nanowires (NWs), have been investigated for gas sensor applications [13] [14] [15] [16] [17] . One-dimensional nanostructures, such as NRs, NWs, nanotubes, and nanoneedles, were reported to possess better conductivity compared with their 2D and 3D counterparts [18] and excellent stability [19] . The gas-sensing properties of the sensors based on ZnO nanostructures are mainly dependent on the operation temperature, which controls the surface reaction kinetics and carrier mobility, resulting in the change in material conductivity [20] . In general, ZnO gas sensors work at a relatively high temperature ranging from 300°C to 500°C [13, 14] . However, operation at high temperature may be a threat in some environments, e.g., when flammable and explosive gases are present, thereby limiting the use of the device.
Gas sensors that operate at room temperature provide not only safe operations but also low power consumption and simple fabrication, because they do not need a heating element, which is considered as the most important feature of the new-generation gas sensors [21] . The new sensors are feasible for portable, wireless, energy-saving, and costeffective devices, in accordance with the current developing trend [9] to be applied to the internet of things [22] . Much effort was devoted to decreasing the operational temperature to as low as possible by surface modification, additive doping, preparation of hybrid/composite nanomaterials, self-heating effect [23] , and light activation [21, 24] . For example, ZnO NWs were modified with Au nanograins to improve H 2 S response at room temperature [25] . Navale et al. successfully decreased the working temperature of a ZnO sensor to 200°C when measuring NO 2 by using hierarchical nanostructures [26] . Lupan et al. utilised a nanofabrication process to pattern a single ZnO NR for H 2 gas detection at room temperature [27] . However, the response values were still very low, that is, the maximum response value reached only 4%. This finding can be attributed to the large diameter of the ZnO NRs used in the sensor. Cui et al. used ultraviolet (UV) illumination to trigger the gas-sensing reaction of their ZnO nanostructures to HCHO at room temperature [28] . Acharyya and Bhattacharyya [29] used ZnO nanotubes to detect alcohol at room temperature without any surface modification. Park et al. prepared a SnO 2 core/ZnO shell to measure NO 2 at room temperature with UV irradiation [30] . A remarkably enhanced response was observed under UV illumination compared with the pristine SnO 2 and ZnO NWs. UV illumination was used to increase the density of free carriers and contribute to the migration of carriers according to Comini et al. [31] . Furthermore, Costello et al. pointed out that UV illumination can promote the catalytic reaction between hydrocarbon gases and oxygen ions at room temperature [32] . In any case, the use of a noble metal catalyst and/or UV illumination to enable room-temperature sensing characteristics of ZnO leads to high fabrication and energy usage costs.
In this work, ZnO NRs and NWs were first grown on-chip by a hydrothermal method at atmospheric pressure, and their room-temperature NO 2 gas-sensing properties were studied. The gas-sensing characterisations were carried out at various applied voltages, from 1 V to 8 V, to scan through the self-activated effect. ZnO NWs have a higher response compared with ZnO NRs and require a lower applied voltage to operate. We also discussed in depth the sensing performance of sensors under the size effect and self-activation.
Experimental
The designs of the gas sensors based on ZnO NRs and NWs are illustrated in Figure 1 . The electrodes are arranged in a head-to-head configuration (Figure 1(a) ). The Zn (20 nm) seed layer is sandwiched between Pt (50 nm) and Pt (20 nm)/Cr (10 nm) layers, so that the ZnO NRs can grow from the edge of the electrodes. Two types of sensors are fabricated, namely, NR-NR and NW-NW sensors (Figure 1(b) ). The ZnO NRs and NWs were grown by a hydrothermal process [33, 34] using zinc nitrate hexahydrate (Zn(NO 3 ) 2 ⋅6H 2 O) and hexamethylenetetramine (HMTA) as precursors. The chemicals were of analytical grade (Sigma-Aldrich) and used without any further purification. Deionised (DI) water (>18 MΩ) obtained from a Milli-Q purifying system was used for all the solutions. The hydrothermal reaction solution for ZnO NR and NW syntheses was prepared by mixing appropriate quantities of HMTA and zinc nitrate at an equimolar ratio in a Pyrex bottle. For the fabrication of a ZnO NR sensor, a substrate with the electrode arrays facing down was immersed horizontally in the 0.02 M solution. The covered Pyrex bottle was then placed in a laboratory oven, heated to 85°C, and stored for 24 h. Subsequently, the samples were slightly rinsed three times with DI water to eliminate the residual precursors and dried under a gentle flow of nitrogen gas and in the oven at 60°C for 12 h. The fabrication of a ZnO NW sensor was similar to that of the ZnO NR sensor, but the NW synthesis was carried out using a two-step process. In the first step, solutions with a concentration of 0.0025 M were used to grow the short NRs at 85°C for 5 h. In the second step, the temperature was raised to 90°C, which was maintained for 40 h to form the secondary NWs from the tips of the short NRs. The sample was then rinsed and dried in the same way as the ZnO NR sensor. The fabricated sensors were finally annealed at 400°C for 2 h in air to stabilize the resistance before the gas-sensing 2 Journal of Nanomaterials measurement. The morphology, chemical composition, and structural characteristics of the synthesised ZnO NRs and NWs were investigated by scanning electron microscopy (SEM, JEOL JSM-7600F), energy-dispersive X-ray spectroscopy, high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2100F), and X-ray diffraction (XRD, D8 ADVANCE). The gas-sensing properties were measured at room temperature at different applied voltages using a SourceMeter® Keithley 2602B. The measurement system was home built, as described elsewhere [35] . Dry air was used as a reference and diluting gas. During the measurements, the resistance of the sensors was continuously recorded, whereas the target gas and dry air were alternatively turned on/off. The gas response was defined as S = R g /R a for the NO 2 oxidising gas, where R a and R g are the resistances of the sensor in dry air and in the target gas, respectively.
Results and Discussion
The morphologies of the ZnO NRs hydrothermally grown between the patterned electrodes were investigated by SEM, as shown in Figure 2 . The sensor designed with head-tohead electrodes with no heater stipulates a simple fabrication process [33] . Patterning of the electrodes has been reported elsewhere, except for the deposition of a Zn seed layer of 20 nm [36] . The gap between two electrode heads is 5 μm, whereas the width is 10 μm (Figure 2(a) ). As shown in Figure 2 (b), the average length of ZnO NRs is about 7 μm, which is enough to bridge two electrodes. Given that the Zn seed layer is sandwiched between two Pt layers, the ZnO NRs can just start to grow from the edge of the electrode but not on the top. The tips of ZnO NRs have a clear hexagonal shape with a diameter ranging from 100 to 300 nm (Figure 2(c) ). The surface of the obtained ZnO NRs is quite rough, thereby suggesting that such formation was due to the aggregation of many nuclei (Figure 2(d) ). Two electrodes were connected by these ZnO NRs that formed NR-NR junctions, which acted as conducting channels for gas-sensing measurement. The morphologies of the hydrothermally grown ZnO NWs are presented in Figure 3 . In the first growth step (at a low temperature of 85°C), the ZnO NRs grew from the electrode edges. The length of the NRs was controlled by growth time, so that they did not make contact with each other (Figure 3(b) ). In the second growth step (at a high temperature of 90°C), secondary NWs started to grow from the tips of the primary NRs. The average diameter and length of the NWs are approximately 20 nm and 5 μm, respectively (Figure 3(c) ). The surfaces of the secondary ZnO NWs are considerably smoother than those of the NRs. Two electrodes were thereby connected by these ZnO NWs, which formed the NW-NW junctions. Gas-sensing characteristics are mainly dominated by the NW-NW junctions because of their smaller size. In addition, the cross-sectional area of NW-NW junctions is smaller than that of the NR-NR junctions; thus, some self-heating effect may be possible when testing the electrical properties under externally applied voltages. Furthermore, the junction matrix formed from these NWs is considerably sparser than that of the NRs (Figures 3(c)  and 3(d) ), which is expected to improve the gas-sensing performance due to the easy adsorption of gaseous molecules. (Figure 4(d) ). No sign of any amorphous layer was observed on the surface of both NRs and NWs, thereby proving the good crystallinity of the ZnO nanostructures. The lattice fringes of the NWs are in accordance with the interspace of (0001) of hexagonal ZnO [37] . However, the surface of the NWs is not smooth due to the growth mechanism based on the aggregation of nuclei [38] .
The crystal structures of the ZnO NRs and NWs were analysed by XRD. The XRD patterns of the ZnO NRs and NWs are shown in Figures 5(a) and 5(b) , respectively. All the diffraction peaks of the ZnO NRs can be indexed as wurtzite ZnO (JCPDS 36-1451). Other peaks were absent, thereby demonstrating the absence of impurity or intermediate formation during the growth. Sharp and intense diffraction peaks confirmed the high degree of crystallisation of ZnO NRs. The XRD pattern of the ZnO NRs in this study differed from those of dense vertically grown NRs [39] , where a strong peak centred at 2θ = 34 64°was presented. This phenomenon can be explained by the random orientation of the ZnO NRs grown from the edge of the electrodes. The XRD pattern of ZnO NWs on the other hand (Figure 4(b) ) shows a very strong (002) peak at 2θ = 34 64°, thereby suggesting that the preferred growth orientation is (002). This peak also exhibits a slight asymmetry, possibly due to the overlap of (002) peaks of the primary NRs.
Contact between the electrodes and the sensing materials is very important in determining their gas-sensing characteristics; therefore, the I-V curves of the ZnO NR and NW sensors in air were plotted, and the data are shown in Figure 6 . As the bias voltage went from −15 V to 15 V, the plots were nearly linear in the gas-sensing range, i.e., 1 V to 8 V, for both sensors, thereby indicating good Ohmic contact between the sensing materials and Pt electrodes. The Schottky contact was expected to be formed at the Pt-ZnO interface, because the work function of Pt of approximately 5.93 eV was considerably higher than that of n-type ZnO of 4.66 eV [40] . Nevertheless, the linearity of the I-V plots proved that the Schottky contact effect was negligible, at least in the gas-sensing range. This finding was possibly due to the highly defective surface of the hydrothermally grown ZnO and/or the formation of Pt-Zn alloy at the interface during the high-temperature stabilisation annealing. Therefore, the gas-sensing characteristics are mainly based on the behaviours of ZnO NRs and NWs and their junctions.
The gas-sensing properties of the ZnO NRs and NWs in relation to different NO 2 concentrations were measured by applying various voltages at 1, 2, 4, and 8 V. The transient responses of the ZnO NRs and NWs to NO 2 at room temperature are shown in Figures 7(a) and 7(b) , respectively. The plots illustrated that the resistance of the ZnO NR and NW sensors steeply increased when NO 2 gas was injected into the test chamber. The response time for the sensors to reach 90% of the saturation values was approximately 1-10 min, depending on the NO 2 concentrations and the applied voltages. Then, the resistance values dramatically turned to the previous ones when NO 2 was replaced by air in the system. The response of the sensors decreased with increasing applied voltage values. This behaviour confirmed the n-type semiconducting performance of the ZnO nanostructures. Journal of Nanomaterials Furthermore, the resistance values of the ZnO NW sensors were considerably higher than those of the ZnO NR sensors. This finding was attributed to the smaller diameters of the NWs compared with the NRs [33, 41] . Here, the diameter of the NWs was approximately twice the Debye length, whereas the diameter of the NRs was much larger than the Debye length. Therefore, the NW sensor showed higher sensitivity. 
Journal of Nanomaterials
The response values of the ZnO NRs and NWs to NO 2 gas at room temperature under different applied voltages are calculated from the transient response plots and shown in Figure 8 . The responses of both sensors at all applied voltages increased with increasing gas concentration from 1 ppm to 10 ppm. However, the NW sensor working at the applied voltage of 1 V showed the highest response, whereas the NR sensor reached the highest response at the applied voltage of 2 V. Both sensors had the lowest response values at the applied voltage of 4 V. The applied voltage affected the temperature of the sensors. By applying different voltages for gas-sensing measurement, the temperature of the sensing area can be increased differently by the self-heating effect, thereby changing the sensing performance of the sensors.
Given that the density of the NWs and their diameters were considerably smaller than those of the NRs for the same applied voltage, the temperature of the NWs was expected to be higher than that of the NRs, especially at the nanojunctions [36] . Notably, the temperature-dependent sensing response of the ZnO material to NO 2 exhibited a bell shape [42] with maximum response at approximately 250°C. Therefore, the NW sensor required lower applied voltage to reach the optimal working temperature. Anyhow, this could not confirm that the temperature of the sensors under optimal applied voltages reached the value of 250°C. An attempt to measure the temperature of the NW sensor at different applied voltages by using an infrared camera (FLIR, ThermoVision A40) was made. However, because of Journal of Nanomaterials the limitation of camera resolution compared with the size of the NW-NW junctions and the gas-sensing area (5 × 10 μm 2 ) of the sensor, the measurement was not successful. Table 1 summarises the response/recovery time of ZnO NR and NW sensors to different NO 2 concentrations at various applied voltages. The ZnO NW sensor exhibited shorter response times to NO 2 of 100-400 s, whereas the ZnO NR sensor showed longer response times of 200-800 s. Both sensors showed the same random tendency of recovery time. Generally, the NW sensor had its best performance in terms of response time and recovery time at an applied voltage of 2 V, whereas for the NR sensor, the best performance was achieved at an applied voltage of 1 V. It is not clear why the response and recovery time of the nanowire sensor at 2 V is the fastest. But this can be the competitive results of the nanowire-nanowire junction and the self-heating effect. At 2 V, the self-heating effect is effective enough to activate gas adsorption/desorption, but still low to make the nanowire-nanowire junction function. Anyhow, this proposed method needs further study to clarify. However, these results point out that the performance of the ZnO sensors to NO 2 is the highest by applying the appropriate voltage, thereby making this sensor very attractive for room-temperature application.
Conclusions
ZnO NRs and NWs were hydrothermally grown between head-to-head Pt electrodes for room-temperature NO 2 gas sensor applications. The primary ZnO NRs were grown by a one-step hydrothermal process, whereas the secondary NWs were grown via a two-step process. The diameter of the ZnO NWs was considerably smaller than that of the ZnO NRs at 20-30 nm compared with 100-300 nm. The NW sensors showed much higher response to NO 2 than the NR sensors at room temperature, and such a response occurred at the applied voltage of 1 and 2 V for the respective sensors. The NWs with a small diameter provided not only a large effective surface area and Debye length compatible to the depletion layer but also a higher temperature by the self-heated effect, thereby leading to a lower supplied voltage with maximal sensing performance.
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